Processing through the application of severe plastic deformation (SPD), as in equal-channel angular pressing (ECAP), provides an opportunity for achieving exceptional grain refinement to the submicrometer or even the nanometer level. After SPD processing, these materials may be conveniently used for evaluating the effect of a reduced grain size on the creep behaviour at elevated temperatures under testing conditions of constant load or constant stress. This report provides an overview of the creep properties of ECAP-processed metals with an emphasis on the microstructural characteristics developed by SPD, on their thermal stability and especially on the creep mechanisms that control their flow behaviour. For convenience, these properties are generally compared with the creep behaviour of coarse-grained (CG) samples of the same materials tested under identical conditions. [
Introduction
It is generally accepted that methods of severe plastic deformation (SPD) can refine the coarse-grained structure of polycrystalline metallic materials to the ultrafine-grained (UFG, <1 µm) or even the nanostructure (<100 nm) scale. 1) It was found that severe plastic deformation (SPD) leads to significant strengthening of the material at ambient temperatures and to the exceptionally high tensile ductilities with elongations up to >1000% at elevated temperatures. 1) The high temperature behaviour of materials exhibiting such a large ductility occurs through the process of grain boundary sliding (GBS) in which the individual grains are displaced with respect to each other leading to the formation of a randomly oriented microstructure. 2, 3) This deformation mechanism was usually observed in alloys at strain rates of about 10 ¹3 10 ¹2 s ¹1 where GBS is characterized by a stress exponent of n = 2, and inverse grain size dependence with an exponent of 2 and a value for the creep activation energy, Q c , close to the activation energy for grain boundary diffusion, Q gb . 4) However, this is not necessarily the situation for ECAP-processed pure metals and many alloys when testing at medium and lower stresses. 57) Further, it was found that ECAP-processed materials exhibit significantly faster creep rates and higher ductility by comparison with their coarsegrained (CG) states and the creep characteristics, n and Q c , are reasonably consistent with intragranular processes involving the glide and climb of free dislocations rather than with GBS. Although it seems acceptable to associate faster creep rate with smaller grain sizes after ECAP due to the more intensive GBS, there are probably additional creep mechanisms that strongly influence the creep behaviour of these ECAP-processed materials. 811) Thus, it is suggested that the various deformation mechanisms in these materials operate independently so that the slowest process is rate-controlling under any given creep conditions. The recent development of SPD-processed materials enables the possibility of studying creep behaviour when the grain size is comparable with a stationary subgrain size so that creep mechanisms related to the grain boundaries become more active.
Accordingly, the aim of this work is to provide a detailed overview of the main experimental results available to date related to the creep behaviour of ECAP-processed materials.
Microstructural Investigations of SPD Materials
At the present time, much research involves a characterization of the microstructure after the application of severe plastic deformation. 1, 6) Frequently, such microstructural characterization is focused only on the mean grain size after high numbers of passes by equal-channel angular pressing (ECAP) where typically this is 8 passes. Nevertheless, it is important to examine the influence of the numbers of ECAP passes on the microstructural heterogeneity and on the subsequent thermal stability during static annealing and creep.
2.1
The microstructure of SPD-processed materials before creep The selected microstructural characteristics for pure ECAP-processed Al are summarized in Fig. 1 for (a) the mean grain size and (b) the frequency of high-angle grain boundaries (HAGBs) as a function of the number of ECAP passes. The results demonstrate 1217) that increasing numbers of ECAP passes lead to a significant increase in the fraction of HAGBs and to a reduction in the grain size.
Observations by transmission electron microscopy (TEM) revealed that the largest reduction in the (sub)grain size occurred after 1 ECAP pass and the subsequent ECAP passes had only a negligible effect on the (sub)grain size. 13, 15) The increasing numbers of ECAP passes influenced particularly the homogeneity of the microstructure which can be characterized by the coefficients of the profile area variation, CVa: 15, 18) thus, the higher are their values so the more pronounced is the inhomogeneity.
After the first pass, the boundaries are predominantly lowangle grain boundaries (LAGBs) in character. However, the fraction of HAGBs increases considerably in materials during the first four ECAP passes. Furthermore, the microstructure processed by low numbers of ECAP passes is very inhomogeneous and the microstructural characteristics may be significantly different in different areas within each specimen ( Fig. 2) . Studies investigating the evolution of the microstructure in single crystals during ECAP revealed that the macroscopic heterogeneity and dislocation structures can be related to the degree of concentration of the active slip systems with respect to the shear plane. 19, 20) Thus, in microstructures processed by low numbers of ECAP passes the initial coarse grains contain predominantly LAGBs and also grains with new HAGBs formed during SPD (Fig. 2 ). It is readily apparent from Fig. 2 that it is very difficult to determine a mean grain size in the extremely coarse-grained materials processed by SPD.
The microstructures processed by 8 and 12 ECAP passes are also usually not fully homogeneous but they can contain large grains exceeding sizes of ³1 µm and the fraction of LAGBs is generally about 2030% ( Fig. 1 ). However, the scatter in the microstructural characteristics decreases. A similar trend of microstructural characteristics was also observed in other metals processed by ECAP at room temperature.
2.2
The microstructure of SPD-processed materials after creep It is generally accepted that the microstructure formed by severe plastic deformation techniques, especially of pure metals, is not fully stable even at room temperature 21) with results demonstrating significant coarsening of the UFG microstructures after self-annealing at room temperature for periods of up to 3 22) and 7 23) years. Grain growth also occurs during heating to the testing temperature and continues during creep testing by dynamic coarsening. The thermal stability of ECAP-processed microstructures is shown in Fig. 3 for (a) UFG Al and (b) an AlMgSc alloy. 2431) The results demonstrate that statically-coarsened grains just prior to creep testing are much larger than the size of the ultrafine grains before heating to the testing temperature. The annealed microstructure is quite stable against further static coarsening in short term but the growth of grains occurs during long-term annealing. 26, 31) It was observed that the annealing leads to a homogenization of the grain structure but the microstructures with low numbers of ECAP passes remain heterogeneous and contain regions with coarse and fine grains. 32) Furthermore, the annealed microstructure coarsens significantly during subsequent deformation.
The coarsening of ECAP-processed copper during tensile testing at elevated temperatures was investigated in situ within a scanning electron microscope. 33, 34) It was found that the microstructure of Cu after 8 ECAP passes tested at 373 K coarsens locally even before the flow stress is reached. This local coarsening, caused probably by dynamic recrystallization, leads to the formation of a banded microstructure with a mix of fine-grained and dynamically-recrystallized regions. The occurrence of dynamically-coarsened regions, with a low defect density immediately after their formation, leads to a localization of plastic deformation into these regions. These results show that local dynamic recrystallization gives an The Characteristics of Creep in Metallic Materials Processed by Severe Plastic Deformation improvement of ductility but does not cause a decrease in the strength. 34) At higher creep temperatures, coarsening by static and dynamic recrystallization occurs in a large volume of the ECAP-processed microstructure. 33) The microstructure changes by dynamic recrystallization were so intensive that they caused oscillations in the flow stress during tensile testing of Cu at 573 K. It was also observed that the first wave of dynamic recrystallization occurred at a lower relative maximum of the flow stress than the second wave. By contrast, the opposite results were found for CG Cu. 35) This behavior of UFG Cu was explained by the recovery of dislocation at HAGBs where the influence of this recovery process depends on the relation between the grain size, d, and the mean free path of free dislocations, w. It was shown 9) that this relation is influenced by temperature and applied stress according to d = 2w = 2k w bG/· where G is the shear modulus, b is the Burgers vector length, · is the applied stress and k w is a numerical factor.
This means in practice that before the first wave the strength of the material is fully controlled by dislocation recovery at the HAGBs. The decrease in the HAGBs fraction and the formation of substructure in the interior of coarse dynamically-recrystallized grains leads to an increase of the strength closer to the CG state. Thus, the second wave for dynamic recrystallization is shifted to a higher stress.
There is a higher thermal stability of UFG microstructures in precipitation-strengthened alloys 28, 29) because the grain coarsening in these alloys is restricted by the presence of nanometer-sized precipitates which block the movement of dislocations and stabilize the fine-grained microstructure.
Published research investigating the creep behaviour of alloys was mainly focused on the grain size stability or size of the precipitates. 11, 30) However, it was suggested that an important component of the creep behaviour is the formation of dislocation substructure within the grains. In coarsegrained pure metals, the dislocations are usually distributed heterogeneously in the form of subgrains which limit their free path but in SPD-processed materials tested under the same creep conditions the grain sizes are generally smaller than the stationary subgrain sizes and in this case the free paths of dislocations are restricted by the grain boundaries. Some alloys may be strengthened predominantly by solid solution and it is generally accepted that solid solution alloys can exhibit, under some creep conditions, relatively random distributions of dislocations in the grain interiors without any evidence for subgrain formation. Although the dislocation density in solid solution UFG materials has not yet been systematically studied after creep testing, nevertheless the preliminary microstructural results, as shown in Fig. 4 for a Ti6Al4V alloy, suggest that grain boundaries in their neighbourhood may reduce the dislocation density. 11)
Creep Behaviour of UFG Materials

Creep curves
Representative creep curves are shown in Fig strain plotted as a function of the testing time. 8, 36) These plots were obtained at a temperature of 473 K under an applied uniaxial tensile or compressive constant stress or load of 20 MPa. The results demonstrate that ECAP-processed Al exhibits a slightly lower minimum creep rate and a slightly higher ductility than the CG aluminium. 8, 36) Differences in the creep curves were found also in ECAPprocessed Cu compared to the CG copper 33, 37) and ECAP Cu tested under constant load exhibits markedly longer creep life than the CG material as shown in Fig. 6 . However, the minimum creep rate for the ECAP Cu tested at higher stress is slightly lower by comparison with the minimum creep rates of CG Cu but the opposite behaviour is found at low stresses as in Fig. 6 . The shapes of the creep curves for the ECAPprocessed Cu may exhibit waves of softening and hardening which indicate the occurrence of microstructural changes related to discontinuous dynamic recrystallization. 33, 38) The coarse-grained and ECAP-processed pure Al in Fig. 5 exhibit a normal primary stage where the creep rate decreases with time into an extended stationary stage. The dislocation creep of pure metals is predominantly controlled by climb of dislocations because dislocation glide occurs very rapidly. But the creep curves of solid-solution alloys may be different because the creep behaviour may be influenced by the dragging of solute atom atmospheres when dislocation glide is dominant. 39, 40) Figure 7(a) shows creep curves for CG and a UFG AlMg alloy. The results demonstrate that the CG state exhibits a very short primary stage and it is apparent that the creep rate gradually increases from primary into the stationary stage in the CG state at 30 MPa. This creep behaviour is similar to the inverted primary creep where viscous glide is the rate-controlling process. 41) At the higher stress of 40 MPa the creep rate continues from the primary stage into the stationary region in a linear manner. Such creep behaviour can occur when the rates of glide and climb are approximately the same. The creep curve of the CG alloy measured at 50 MPa exhibits a normal primary stage which shows that dislocation climb is the rate-controlling process.
The results demonstrate that all creep curves for the UFG AlMg alloy exhibit a normal character.
By contrast, Fig. 7(b) shows the creep curves for CG and UFG AlMgSc alloy. The creep curves for the UFG state indicate faster creep rates and better ductility by comparison with the CG material and the results demonstrate that a decrease of applied stress below 50 MPa leads to a significant increase in the creep resistance of the CG ternary alloy. However, the significant increase in the creep resistance is also visible in the creep curves for the UFG ternary alloy 30) measured at low stresses of 18 and 16 MPa. It was found that a decrease in the applied stresses by only 2 MPa caused a decrease in the stationary creep rate of about one order of magnitude.
Influence of ECAP passes on the creep behaviour
In earlier works 5, 36, 42) it was found that pure metals after 1 The creep curves exhibit waves of softening and hardening which can be related to discontinuous dynamic recrystallization. 33, 37) ECAP pass tested in tension can exhibit significantly higher creep resistance by comparison with their CG states ( Fig. 8(a) ). This suggests that the highest creep resistance is exhibited by the specimens with an inhomogeneous microstructure containing a high fraction of LAGBs. The effect of LAGB strengthening decreases with a reduction of the grain size and with an increase in the fraction of HAGBs in the microstructure. Nevertheless, precipitate-strengthened alloys usually show a deterioration of creep resistance by comparison with their as-received states even after one ECAP pass. 43) It was found that a further reduction of grain size and increasing homogeneity of microstructure leads to a decrease in the creep resistance and to an improvement of the ductility in ECAP-processed materials as in Fig. 8 . 37, 43) The dependence of creep rate on strain, 37) measured in tension under constant load, demonstrates that an increasing number of ECAP passes, p, leads to an increase in the strain as shown in Fig. 8(b) . It is readily apparent that the highest changes in creep resistance and ductility occur during the first four ECAP passes in Fig. 8(a) , (b). A further increase of ECAP passes, leading to a finer grain size and better microstructural homogeneity, causes an additional slight decrease of the creep resistance and an improvement in the creep ductility. However some CG Cu specimens exhibit similar or even slightly larger fracture ductility in comparison to Cu processed by 1 ECAP pass. One can see that the largest part of ductility in some CG Cu specimens occurred predominantly in the tertiary stage due to multiple peaks of hardening and softening. The multiple peaks in creep curves for CG Cu can be caused by discontinuous dynamic recrystallization. 37) The occurrence of dynamic recrystallization in the tertiary stage of CG Cu may explain the relatively long fracture period with the regions of softening and hardening. 
Influence of testing modes
It was found that the creep resistance of the CG and ECAP states is influenced by the type of creep testing. 44) The results demonstrate that UFG Cu tested in tension under constant load exhibits a longer creep live and approximately a similar minimum creep rate as in CG Cu as shown in Fig. 9 . Nevertheless, the opposite results were found when Cu was tested in compression under a constant stress.
The tensile creep tests at constant load are influenced during creep exposure by the increase of stress due to the decrease in the initial specimen cross-sectional area given for constant stress in tension. For this reason, the secondary stage may be understood as the transition region where the decrease of creep rate in the primary stage is compensated by the increase of creep rate in the tertiary stage. 45) The tertiary stage of tensile creep is commonly discussed in terms of a creep acceleration by ongoing creep degradation processes and fracture.
However, the creep rate during tensile testing at constant load increases not only due to the damage processes and fracture because, even in the absence of fracture, there is a continuous increase of stress because the stationary creep rate is a strong function of stress. In order to determine whether the fracture or stress increases are the dominant cause of tertiary creep, it is necessary to compare the dependence of creep rate on stress in the tertiary stage and in the stationary stage. For the situation where fracture is absent the curves of creep rate vs. stress should merge with a stress dependence measured at the same creep conditions. This was found with a certain approximation for the creep of UFG Cu 46) but not for CG Cu. Therefore, it was concluded that the tertiary stages of creep, as well as the values of the minimum creep rates, are probably influenced by fracture and should not be interpreted as stationary values resulting from uniform deformation.
For the situation where the influence of fracture was eliminated using compression tests at constant stress, the minimum creep rate of CG Cu was significantly displaced down to the slower creep rates. A compression test at 473 K and 80 MPa ended in the work hardening stage of the socalled primary creep because the overall creep had become too slow.
Analysis of Creep Data
Values of the stress exponent of the minimum creep rate
The dependences of the minimum creep rate on the applied stress for the ECAP-processed Al are shown in Fig. 10(a) . It is observed that the minimum creep rate of the ECAPprocessed Al measured at high stresses may be up to one order of magnitude lower than for the CG state. The results demonstrate that the difference in minimum creep rates of CG and ECAP-processed Al decreases significantly with decreasing applied stress. The values of the stress exponent n ¼ ð d ln _ ¾ d ln · Þ were about 6.6 for the CG Al and about 4.8 for the ECAP-processed Al. 36) Similar results were found also in another investigation 8) where it was observed that the stress exponent of the ECAP-processed Al is equal to ³5 and the minimum creep rate is slightly slower by comparison with the CG state.
The stress dependences of the minimum creep rates for UFG and coarse-grained copper are shown in Fig. 10(b) where the differences in the minimum creep rates of CG and UFG Cu tested at 295573 K depend on the applied stress and testing temperature. 46, 47) The results demonstrate that the minimum creep rates of CG copper tested at 473 and 573 K at low stresses are slower by comparison with the UFG material. The values of the stress exponent, n, determined for CG Cu are higher than the values of n for UFG Cu. For this reason the stress dependences of CG and UFG Cu intersect and thus the opposite result is found at higher stress.
Creep tests carried out on CG and UFG Cu at temperatures below 473 K demonstrate that the strength of UFG Cu is significantly higher by comparison with the CG state. However, the differences in the creep strength of CG and UFG Cu decrease with decreasing value of the initial applied stress as shown in Fig. 10(b) . Figure 11 demonstrates the stress dependence for Al alloys tested at 473 K in compression under constant load. 30, 43) Thus, a reduction in grain size leads to the faster minimum creep rate in both solid solution and precipitationstrengthened alloys by comparison with their CG counterparts. Inspection of Fig. 11 shows that, although the minimum creep rate for the UFG Al3%Mg alloy is more than one order of magnitude faster than the CG state, the values of the stress exponents, n, are very similar. This implies that creep may be controlled by the same creep mechanism but the shapes of the creep curves suggest that the deformation mechanisms in UFG and CG Al3%Mg alloy are probably different.
It was found that the UFG Al3Mg0.2Sc alloy strengthened by a combination of solid solution and precipitates exhibited a decrease of the stress exponent n at higher stress by comparison with the CG state. However, the slope of the stress dependence for the UFG AlMgSc alloy increases significantly at stresses lower than 20 MPa and the high value of the stress exponent indicates the effect of a threshold stress. Nevertheless, typical sigmoidal curves indicating a threshold stress are not observed in the CG state and this may be explained by the relatively low temperature used for the creep testing and the coarse grain size of ³200 µm which leads to a change of the stress dependence curve from sigmoidal towards a flatter form. The occurrence of a threshold may be assumed in the CG ternary alloy at low stresses because of the appearance of the creep curves in Fig. 11 which show that the creep strain at 16 MPa is very low so that creep is almost unmeasurable. Although the ternary alloy is a fully strengthened Al alloy, the minimum creep rates are faster by comparison with the AlMg alloy. This different creep behaviour is explained by the higher grain size stability in the ternary Al alloy which leads to a higher activity of boundary mediated processes.
The largest differences in the minimum creep rates between the CG and UFG states were exhibited by a precipitation-strengthened AlSc alloy where the results demonstrated that AlSc showed no evidence for the occurrence of a threshold stress. 50) It was reported that the threshold stress in AlMgSc and AlSc binary alloys occurs in a similar stress range when Al alloys are aged and treated in the same way to give similar precipitate radii. However, there is evidence for Al alloys 30, 43) that processing by different heat treatment leads to different precipitate sizes and thus the threshold stress in the AlSc alloy is probably displaced to a lower stress.
Activation energy for creep
Creep tests performed at different temperatures and the same constant stress permit a determination of the activation energy of creep, Q c . Thus, the activation energy may be derived from the slope of a semi-logarithmic plot of d¾/dt versus 1/T for a given temperature interval. The activation energy for creep, Q c , is then defined as: 
where k is Boltzmann's constant and T is the absolute testing temperature.
Previously published data 5, 6) showed that the activation energies of creep for the CG state are higher under the same testing conditions than those for UFG materials as shown in Fig. 12 . It was also found that the value of Q c for UFG states increases with an increasing value of the applied stress. Opposite results are found for CG Cu where the values of Q c decrease with increasing values of the applied stress and the results demonstrate that the value of Q c is associated with fraction of HAGBs in the microstructure which tend to shift the value of Q c down to the activation energy for boundary diffusion. However, the value of the activation energy for grain boundary diffusion Q gb is similar to the value of the activation energy for pipe diffusion Q p . 52) It can be suggested that the influence of the pipe diffusion on creep behavior increases with increasing density of dislocations in the grain interior which increases with the increasing value of the applied stress. On the basis of this assumption, the value of the activation creep energy should be low also at high stresses or even decrease with increasing value of applied stress down to the activation energy for pipe diffusion as a consequence of the increase of dislocation density. However it was not observed for pure aluminum.
But low values of the activation energies for creep close to Q gb or Q p were found in UFG Al alloy at low and also high stresses 10) and it was suggested that intragranular dislocation process can be influenced by dislocation pipe diffusion.
It is generally accepted that during intragranular dislocation creep processes there may be contributions from both lattice and pipe diffusion. This can be expressed by the following equation: 40) 
where A, B are constants, G is the shear modulus, b is the length of the Burgers vector, · is the applied stress, D l is the lattice diffusion coefficient and D p is the dislocation pipe diffusion coefficient. In the case that creep behavior is predominantly influenced by pipe diffusion the ratio of number in the square bracket D l =ðBð · G Þ 2 D p Þ should be lower than 1. 40) 
Creep Deformation Mechanisms
The creep mechanism(s) are usually determined from the value of the stress exponent n and activation energy for creep Q c . 40) For convenience, the main creep characteristics of different SPD-processed materials are listed in Table 1 .
The proposed deformation mechanisms influencing creep behaviour of SPD processed metals may be divided into three main groups: a) dislocation creep with a different contribution from GBS, 5) b) enhanced recovery of dislocations at HAGBs 9) and c) a dislocation glide process. 10) The current microstructure results show that the fine grains formed during SPD are not stable but instead they grow during heating to the testing temperature and subsequent creep testing as in Fig. 3 . The thermal instability of the initial UFG structure in pure metals probably leads to values of the stress exponent that are significantly higher by comparison with the values of n typical for grain boundary mediated creep processes such as diffusion creep or GBS. The values of the stress exponent n for pure UFG metals show that power-law creep associated with glide and climb of intragranular dislocations plays a dominant role, as demonstrated by the data summarized in Table 1 . This suggestion is supported by an insufficient thermal stability of the UFG microstructure when the mean grain size corresponds with fine-grained or even with coarsegrained regions.
The experimental creep results in Figs. 8 and 10 show that ECAP-processed pure materials can exhibit faster minimum creep rates and higher ductilities by comparison with their CG counterparts. For the case where dislocation or powerlaw creep is the dominant process, the activation energy for creep Q c should be close to the value for the activation enthalpy of lattice self-diffusion in pure metals.
The values of the activation creep energies determined in SPD-processed materials are usually lower 5, 10, 53, 54) and decrease with decreasing applied stress. This observation suggests that creep processes in SPD-processed pure metals may be influenced by the large numbers of grain boundaries that are a direct consequence of the SPD processing. 9, 36) Although the values of the stress exponent, n, indicate that power law creep is the dominant mechanism, nevertheless some experiments demonstrated the occurrence of GBS from surface observations on tensile specimens. 5, 27, 38) There is also a report in which tensile flat specimens were tested only up to a predetermined strain of ³0.15 in order to eliminate the influence of any damage processes. 5) In these experiments there were reports of the occurrence of GBS at some grain boundaries from surface observations and it was estimated that the contribution of GBS to the total creep strain was of the order of about 30% for UFG Al.
In other experiments it was suggested that the creep behaviour of UFG materials may be influenced by an enhanced storage and recovery of dislocations at boundaries for grains that are finer than the equilibrium subgrain size in the CG material. 9) It was shown 26, 46) that this mechanism governs the creep behaviour when the grain size is reduced below a critical size given by the stationary subgrain size and thus the microstructure contains more than about 50% of HAGBs. However the influence of HAGBs on the creep strength also depends on the creep conditions. 26, 33) The creep results ( Fig. 10(b) ) indicate that the enhancement or the deterioration of creep properties of UFG materials in comparison with their CG states is influenced by testing temperature and applied stress. One can see that the creep strength of UFG material becomes better than the creep strength of their CG state with decreasing testing temperature and increasing applied stress. This creep behavior was explained by Blum et al. 9, 33) It was suggested that creep behavior is influenced by HAGBs which have two opposing effects. HAGBs form strong obstacles to dislocation glide and thus they tend to harden the material (well known under the term "HallPetch"). At the same time, they tend to soften the material through various hab-mediated processes. On the basis of this suggestion, all UFG materials can exhibit, depending on the creep testing conditions, an improvement or a deterioration of creep properties in comparison with their CG states. When creep tests are performed at high strain rates and/or low temperatures the influence of hab-mediated processes, such as GBS and enhanced recovery of dislocation at HAGBs, is suppressed and thus the HAGBs become strong obstacles to dislocation glide and accordingly they harden the material. However the effect of hab-mediated processes on creep of UFG materials is higher at higher temperature and lower applied stress where HAGBs have the tendency to soften UFG material. 9, 33) Experiments investigating the creep behaviour of aluminium alloys 10, 30, 43, 60) found that the stress exponent n can be about 3 and this value is consistent with a dislocation glide process. The deformation process is then characteristic for solid solution alloys tested at intermediate stresses when the stress exponent is reduced from a value of ³5 for control by dislocation climb to a value of ³3 when viscous glide becomes the rate-controlling process. However, the creep behaviour of UFG alloys fails to show an inverse primary Table 1 Creep data for ECAP processed materials. creep but rather it shows a normal primary creep which is typical of pure metals. The influence of grain size on jerky glide as in the Portevin-Le Chatelier effect was investigated in a UFG Al3Mg alloy and it was found that jerky glide, which is controlled by a repetitive interaction and breakaway of dislocations from clouds of solute atoms, can be suppressed in UFG alloys. 61) This suppression of jerky glide is influenced by the increasing effect of the HAGB-mediated processes in UFG alloys such as an enhanced recovery of dislocations at boundaries or the occurrence of GBS along the HAGBs.
Finally, it should be noted that a detailed analysis of the creep behaviour of AlSc and AlMgSc alloys showed that processing by ECAP at room temperature initially produced submicrometer grain sizes. In subsequent testing these materials gave rates that were too fast to be explained by Nabarro-Herring diffusional creep but instead they were in very good agreement with a model developed for flow by GBS in conventional materials where the grain size is smaller than the equilibrium subgrain size. 62, 63) This latter result has now been supported by a more comprehensive analysis of a very large number of Al and Mg alloys processed by SPD techniques. 64) 
Fracture Behaviour of ECAP-Processed Materials during Creep
An investigation of the surfaces of ECAP-processed specimens taken from the gauge lengths after creep testing revealed the appearance of mesoscopic shear bands lying near to the shear plane of the last ECAP pass as shown in Fig. 13(a) . It was observed that the frequency of mesoscopic shear bands observed near the fracture increases rapidly with increasing numbers of ECAP passes. 43, 65) The formation of these mesoscopic shear bands is related to the inhomogeneity of the microstructure in ECAPprocessed specimens after creep. 34) It is apparent that CG Cu and Cu alloys tested in tension under constant load exhibit intergranular fracture as in Fig. 13(c) . The intergranular cavity formation in Fig. 13(b) was also found in the surface of UFG pure Cu 63) and its alloys after creep but creep fracture of ECAP-processed materials, tested under the same conditions, always exhibited a ductile intragranular fracture mode with numerous dimples on the relief as is evident in Fig. 13(d) .
Summary and Conclusions
The production of SPD-processed materials permits an investigation of the effect of grain size and numbers of HAGBs on the creep behaviour of these materials. This overview focusses particularly on experimental results relating to creep microstructures and the creep mechanisms associated with SPD-processed materials.
(1) It was found that the creep resistance is significantly influenced by the grain size and the numbers of HAGBs. The different creep resistance between CG and SPD-processed materials is also dependent upon the creep conditions and testing modes. 
